Biomimetic design and substrate-based surface modification of medical implants will help to improve the integration of tissue to its material interfaces. Surface energy, composition, roughness, and topography all influence the biological responses of the implants, such as protein adsorption and cell adhesion, proliferation and differentiation. In the current study, different surface structures of Ti implants were constructed using facile surface techniques to create various micro-, nano-, and nano/micro composite scale topography. We have fabricated three types of hierarchical structures of TiO 2 coating on Ti implants, including nanotube Journal of Orthopaedic Translation (2014) 2, 35e42 structure, nano sponge-like structure, and nano/micro nest-like structure. The osteointegration and biomechanical performance of the coated Ti screws were evaluated by histology and removal of torque force test in vivo. We found that the nano/micro nest-like and nanotube structured surface possessed better osteointegration ability. It indicated that the alkaline hydrothermally treated Ti substrate was the best for bone-implant integration in terms of all in vitro and in vivo testing parameters. The alkaline hydrothermally treated surface displayed a hydrophilic (contact angle value 5.92 AE 1.2), higher roughness (Ra value 911.3 AE 33.8 nm), higher specific surface area (8.26 AE 1.051 m 2 /g), and greater apatite inductivity. The electrochemical surface modification may become a powerful approach to enhance metal implant to bone integration in orthopaedic applications.
Introduction
Ti-based materials have been widely used in orthopaedics and dental surgery as implants because of their strong mechanical properties and good chemical stability and biocompatibility [1] . To enhance osteogenetic differentiation and osteointegration of implants, various treatments have been developed to modify the surface chemistry, physical properties, and topography; approaches include machining/micromachining, sandblasting, acid etching, electropolishing, anodic oxidation, and plasma spraying [2e5]. These techniques mainly alter the surface parameters, leading to enhancement of cell attachment to the implant surfaces. In the assays, cells grow and integrate better on the modified surfaces by producing more extracellular matrix components, including cell adhesive proteins or type I collagen and fibronectin [6, 7] . However, the results from in vitro studies may be different from the in vivo situation. Osteointegration is the direct anchorage of an implant by the formation of bony tissues around the implant without the growth of fibrous tissues at the boneeimplant interfaces [8] , which is influenced by a wide range of factors including anatomical location, implant size and design, surgical procedure, loading effects, biological fluids, age, sex, and particularly, the implant surface characteristics [9] . Torque removal force has been used as a biomechanical measure of anchorage or osteointegration in which the greater force required to remove implants may be interpreted as an increase in the strength of osteointegration.
Surface composition, topography, wettability, roughness, and surface electrical charge are key parameters in determining implantetissue interaction and osteointegration [10e12]. Roughness of the implant surfaces usually results in cellular adherence through guiding the cytoskeletal assembly and membrane receptor organization and accelerating the adsorption of fibronectin and albumin [13, 14] . A positive relationship has been found between bone-to-implant contact and implant surface roughness [15] . Sandblasted and acid-etched surface implants are nowadays commercially available as dental implants with microscale average roughness [16] . Gittens et al [17] introduced nanoscale structures with micro/submicroscale roughness without chemical composition and contact angles modification, and improved the osteoblast differentiation and local growth factors production. Zinger et al [18] reported that with surface modification of Ti material with hierarchical surface roughness, osteoblasts responded differently towards nano-, micro-, or nano/micro topography. The pattern, size, and distribution of peaks and valleys that compose the surface roughness are also important factors influencing osteointegration.
The optimal surface roughness for metal implant osteointegration has not yet been well defined. A thick surface oxide layer is desirable because of its ability for hydrocarbon adsorption [9] . Medical devices might also benefit from hydrophilic surface treatment to reduce interfacial inflammatory responses and promote bony ingrowth [1] . In this study, different Ti implant surface structures were constructed using facile surface techniques to create various micro-, nano-, and nano/micro composite scale topographies, including nanotubular structure, nano sponge-like structure, and nano/micro nest-like structure. The surface was characterized by various physicochemical methods, and the bioactivity and osteointegration were investigated through in vitro and in vivo evaluations.
Materials and methods

Preparation of coatings
Ti foils (Baoji Titanium Industry Co. Ltd., China) of 0.1-mm in thickness and 99.5% purity were used. Prior to the different treatments, the Ti sheets (10 mm Â 10 mm) were degreased in an ultrasonic bath in acetone, anhydrous ethanol, and deionised (DI) water successively, followed by rinsing with DI water, and drying in air.
TiO 2 nanotubular structure
The electrochemical anodisation of the Ti sheet was carried out by using a DC voltage source. Anodic films of TiO 2 nanotubes were grown by potentiostatic anodisation at 20 V using a Pt sheet as a counter electrode in 0.5% hydrofluoric acid solution under stirring conditions at room temperature. The samples were sufficiently rinsed with DI water after anodisation, and calcined at 450 C for 2 hours [19] . TiO 2 sponge-like structure All the preparation conditions for TiO 2 sponge-like structure were the same as for the above experiments, except the anodising potential was set at 50 V [20] .
Nano/micro nest-like TiO 2 structure The Ti foils were under hydrothermal treatment by 10 M NaOH in the hydrothermal reactor at 150 C for 2 hours. After rinsing sufficiently in DI water, the samples were immersed in 5% HNO 3 solution for 6 hours, rinsed again in DI water, and calcined at 450 C for 2 hours to form anatase [21] . All chemical reagents were from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
Characterisation of surface structure and roughness
The surface morphologies of all the samples were examined using scanning electron microscopy (FESEM, S-4800; Hitachi High-Technologies, Tokyo, Japan). The corresponding crystal structural characterisation was examined using Xray diffraction (XRD) pattern (X'pert PRO; PANalytical, Almelo, The Netherlands). The XRD patterns were collected in a 2q range from 20 to 60 . The sessile drop method was used for contact angle measurements with a contact angle meter (OCA-20; DataPhysics, Filderstadt, Germany) at room temperature. A three dimensional (3D) camera optical measurement system (MicroCAD premium, GFM, Berlin, Germany) was applied for average roughness comparison and specific surface area was analysed with a static volumetric method (JW-BK112 Surface Area Analyzer; JWGB Science & Technology Co. Ltd., Beijing, China).
Apatite deposition
The modified simulated body fluid (SBF) was used as an incubation solution for apatite formation. The ion concentrations of SBF are nearly equal to those of the human blood plasma, as shown in Table 1 . The SBF recipe was prepared according to the Kokubo's formulation and buffering at pH 7.4 with Trisehydroxymethyl amino methane and 1.0 M HCl at 37 C. Each sample was placed in a polypropylene tube with 30 mL SBF and kept in an incubator at 37 C for 7 days. To keep the ion concentration stable, the SBF solution was refreshed every 2 days.
In vivo implantation and assay and torque removal force measurement
To test the osteointegration potentials of various surface modifications, medical Ti screws (4 mm diameter Â 6 mm length) were subjected to surface modification by the electrochemical means as described above, and four types of screws with the following surface characters were created: (1) nontreatment (blank); (2) TiO 2 nanotubular structure; (3) TiO 2 sponge-like structure; and (4) alkaline hydrothermal treatment with nano/micro nest-like structure. For the implantation, 10 New Zealand white rabbits (male, body weight 3.0e3.5 kg) were used. All the animal studies were carried out following the guidance of the European Commission Directive 86/609/EEC for animal experiments. Under general anaesthesia and sterile conditions, a small incision was made at the medial aspect of the knee joint in both legs to expose the medial proximal tibial plateau and medial distal femoral condyle. A 3.5-mm diameter hole was predrilled and then the testing screw was carefully screwed into position, and the skin was sutured. Each rabbit had four different screws implanted in both femurs and tibiae in a randomly mixed fusion; a total of 10 screws from each group were implanted. All rabbits were terminated at 8 weeks after the implantation and the femurs and tibiae were harvested. All the screws in the femurs (n Z 5 per group) were used to determine the torque removal force using a manual torque meter (clutch release torque screw driver) according to the manufacturer's instructions (N6-50LTDK; Kanon, Nakamura Company, Tokyo, Japan). The toque force used to unscrew the implanted screws was recorded and compared.
Histology and radiography examinations
The proximal tibiae with the screws (n Z 5 per group) were fixed in 10% buffered formalin for 48 hours and processed and embedded in methylmethacrylate (MMA). The infiltration process was carried out by placing the bone specimens into a solution of MMA and dibutylphthalate (3:1) for 48 hours, followed by a further 48 hours in MMA. Embedding of the infiltrated specimens was done in fresh MMA, dibutylphthalate (3:1) and 2.5% benzoyl peroxide solution at 20 C. Polymerisation was completed within 48 hours. Attempts were made to standardise the sectioning at a midsagittal plane of each specimen by cutting the specimen in half (longitudinally in a sagittal plane) using a low-speed diamond saw, and the MMA sections were polished to thin MMA sections (200 mm). For radiographic examination, the thin sections were placed in a sealed chamber inside a highresolution digital radiography system (Faxitron MX-20 with DC-2 option; Faxitron X-ray Corporation, Lincolnshire, IL, USA), and a digital X-ray was taken with an exposure condition of 24 kV for 3 seconds. For histology examination, MMA resin was removed by immersing the slides in methoxyethyl acetate at room temperature. Slices were taken through graded ethanol and distilled water, stained with Stevenel's Blue, and counter stained with Van Gieson stain, and digital photographs were taken under microscopy and compared.
Statistical analysis
Quantitative data were analyzed using a commercially available statistical program, SPSS version 16 (SPSS Incorporated, Chicago, IL, USA). There were three samples for all studies, except for roughness analyses for Ti substrates and implant torque test that had five samples. Data are reported as mean AE standard deviation. If the difference was determined to be significant after the analysis of 
Results
Surface microstructure
The scanning electron micrographs of the treated surfaces by various techniques are shown in Fig. 1. Fig. 1A represents the mechanically polished Ti surface. Fig. 1B shows the top-view SEM images of the Ti nanotubular structure prepared at 20 V anodisation for 20 minutes. It shows highly ordered nanotube arrays with average inner diameters of 78 nm. Fig. 1C shows that the surface had a uniformly distributed sponge-like nanostructure TiO 2 film treated at 50 V anodisation for 20 minutes. The morphology of Ti surface after alkaline hydrothermal treatment displaced a nano/micro nest-like structure of TiO 2 , consisting of uniformed micropores made of nanofibres with average inner diameter of 15e30 nm (Fig. 1D ).
Chemical composition
The XRD patterns (Fig. 2) revealed that the treated Ti substrate after annealing had transformed to the anatase phase after either anodisation or hydrothermal treatment. For 50 V anodisation samples, a rutile peak was detected. 
Wettability properties
The shape of water droplets on the different treated surfaces is shown as insets in Fig. 1 , and the corresponding contact angles are shown in Table 2 . The surfaces prepared by anodisation (either at 20 V or 50 V) were slightly hydrophilic compared to blank Ti substrates ( Fig. 1A insert) with no significant difference between them ( Fig. 1B and C inserts). The contact angle to water for the TiO 2 coating prepared by alkaline hydrothermal treatment was lowest, indicating a super hydrophilic surface ( Fig. 1D insert) . Table 3 and Fig. 3 exhibit the roughness and specific surface area property data of different surfaces. The rate stands for the ratio against the blank sample value, rate > 1 indicating the increased level of surface roughness and specific surface area. All surface treatments increased the roughness and specific surface area compared to the blank surface, and the increased level of specific surface area was greater than that of the roughness with all surface treatments ( Fig. 3 ). Fig. 4 shows the surface morphologies of all the samples after soaking in SBF for 7 days. Almost no apatite precipitate was observed on the surface for the untreated blank samples ( Fig. 4A ) and nanotubular array samples (Fig. 4B ). The apatite layer was observed on some parts of nano sponge-like TiO 2 surfaces (Fig. 4C insert) . By contrast, a dense and uniform apatite layer that covered all surfaces was seen in the nano nest-like TiO 2 surface, and the apatite layer was thicker than that of the nano sponge-like surface (Fig. 4D ).
Roughness and specific surface area
Apatite-forming behaviour
Implant torque removal force measurement and histological examinations
The removal torque force for the various screws is presented in Table 4 . The screws with TiO 2 nanotube structure and alkaline hydrothermal treatment had significantly higher removal torque force compared to the blank (nontreated) screws, and the highest torque force was seen in the TiO 2 nanotube structure group. No difference in the torque force was seen between the TiO 2 sponge-like group and the blank group. The contact soft X-ray and nondecalcified histology examinations revealed integration at the screw bone interface. In the blank and TiO 2 sponge-like group, there was a clear and continuous thin gap between the bony tissues and the screw surfaces, whereas in the TiO 2 nanotube group and the alkaline hydrothermal coating group, the bony tissues were in close or direct contact with the screw surfaces in most parts. Only scattered small gaps (not continuous) visible in the TiO 2 nanotube group and the gap in the alkaline hydrothermal coating group were smaller than that of the TiO 2 nanotube group (Fig. 5 ).
Discussion
It is well known that the surface structures of implants play crucial roles in biocompatibility, bioactivity, and osteointegration of implanted materials. Following implantation, the implant surface immediately interacts with the biological fluids and tissues. The first step in this biological environmental exposure is the rapid adsorption of proteins to the surface of implants, which is largely determined by the implant surface structures. The composition, type, orientation, and conformation of the adsorbed proteins regulate the secondary step, which is cellular attachment and adherence and further proliferation and differentiation. The rate and quality of bone contact with Ti implants are related to their surface structures, such as topography, porosity, dimension, composition, wettability, and surface charge. The design criteria for implant surfaces are: mimic of natural bone surface structures, in nano/microscales with correct chemical composition, wettability, and strong osteointegration ability. In this study, we precisely constructed four different surface structures on Ti surfaces, having: a smooth surface (nontreated); a highly ordered nanotubular arrays with average inner diameters of 78 nm; a spongelike nano-TiO 2 with lower porosity; and nano/micro nestlike TiO 2 with high porosity. It is noted that the Ti implants with nano/micro nest-like surface structure showed high boneeimplant integration, indicating excellent biocompatibility of the nano/micro nest-like surface. The surface roughness and surface area have profound effects on the boneeimplant integration. Recent studies have shown that surface micro-roughness increases osteointegration in the early phases and in areas of low quality bone [19] . Scaffolds with nanoscale architecture have large surface areas to adsorb proteins, which present more binding sites to cell membrane receptors [20] . How cells detect and respond to nanofeatures is not yet fully understood, but it is believed that proteins may "sense" the surface topography at the nanoscale, therefore, materials may be "rough or hostile" to cells with microscale surfaces but "smooth and friendly" with nanoscale surfaces. Our previous work and several studies from other groups have indicated that the nanostructured Ti coating enhances protein polymerization, osteoblast adhesion, or osteointegration [19, 22, 23] , whereas surfaces with rough textures increase the substrateetissue interlocking and promote osteoblast differentiation [21] . In our study, the nano/ micro nest-like TiO 2 surface structure had the greatest roughness and surface area and best boneeimplant integration, indicating that alkaline hydrothermal treatment provided a larger surface area to facilitate protein adsorption and cell attachment. The alkaline hydrothermal treatment also produced porosity in both nano-and microscales, and its hierarchical scales may have matched different proteins and promoted cellular adhesion and attachment.
To meet the demands of different phases during the interaction of the cells and implants, comprehensive structural parameters should be considered including chemical composition and hierarchical structure with various dimensions. The nano/micro nest-like surface exhibited larger specific surface area, suitable roughness, better ability of apatite deposition, and osteointegration in vivo, suggesting this construction of nano/micro nest-like surface was able largely to enhance the biocompatibility and osteointegration of the Ti screws. The hierarchical structure in both nano-and microscale pores is beneficial for cellular attachment, proliferation and differentiation. For example, various proteins can "sense" the nanotopography [24] ; osteoblasts can spread markedly faster on nanoroughened surfaces and osteoconductivity can be improved [18] . By contrast, the microscale pores on the surface are an excellent match for the platelet adhesion that is considered as the first response after implantation. Platelet aggregation initiates fibrin network formation and assists the adhesion of osteoblasts or other bone-forming cells, and microscale roughness may also improve osteoblast differentiation and growth factor production [25] . The right interfacial microenvironment is crucial for better integration of the implants with surrounding tissues, and the superhydrophilic surface is beneficial to various biological processes, including: protein adsorption; cell adhesion, growth and differentiation; and finally osteointegration. The osteointegration and biomechanical performance of the coated Ti screws were evaluated by histology and removal torque force test in vivo. We found that the nano/micro nest-like and nanotube structured surface possessed better osteointegration ability. The torque removal force and histological examination are more direct methods to evaluate the osteointegration of the implant surface compared to in vitro cellular examination. There is a strong correlation between the osteointegration of implants with their structural features, chemical composition, and surface properties. In summary, we successfully fabricated three types of hierarchical structures of TiO 2 coating on Ti implants, including nanotube structure, nano sponge-like structure, and nano/micro nest-like structure, prepared by electrochemical anodisation at 20 V and 50 V, and alkaline hydrothermal reaction, respectively. Our surfacemodification strategy, namely to treat the implant surface by alkaline hydrothermal reaction is promising. This method is simple and cost-effective; it does not change the material properties and hence does not need new approval if only surface modification is carried out on the implants. In other words, our product is ready to be tested further in clinical settings. The current study serves as a proof of concept that our surface modification methods may be a novel and better alternative to the existing surface modification products.
Taking all the data together, we found that the alkaline hydrothermally treated Ti substrate was the best for boneeimplant integration in terms of all the in vitro and in vivo testing parameters. The alkaline hydrothermally treated surface displayed hydrophilic wettability, greater roughness, larger specific surface area, and greater apatite inductivity. Electrochemical surface modification may become a powerful approach to enhance metal implant to bone integration in orthopaedic applications.
Figure 5
Histological sections of different treated implants 8 weeks after implantation in rabbit femur and tibia showing that the best osteointegration was in the group with nano/micro nest-like structure surface of TiO 2 prepared by alkaline hydrothermal treatment.
